ABSTRACT Digestion of grande mitochondrial DNA (mtDNA) by EcoRI restriction endonuclease gives rise to nine fragments with a total molecular weight of 51.8 X 106. HindIII digestion yields six fragments with a similar total molecular weight. Specific restriction fragments can be detected despite the fact that yeast mtDNA consists of a heterogeneous distribution of randomly broken molecules. Digestion patterns of 10 genetically characterized petite clones containing various combinations of five antiobiotic resistance markers indicate that the petite mtDNA predominantly represents deletion of the grande genome. The petite mtDNAs contained up to seven EcoRI restriction fragments which comigrate with grande restriction fragments, and at least one fragment that did not correspond to any in the grande. Some strains contained multiple fragments with mobility different from that of grande; these fragments were usually present in less than molar concentrations. The genetic markers were associated with individual sets of restriction fragments. However, several internal inconsistencies prevent the construction of a definitive genetic fragment map. These anomalies, together with the digestion patterns, provide strong evidence that, in addition to single contiguous deletion, other changes such as multiple deletion and heterogeneity of mtDNA populations are present in some of the petite mtDNAs.
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It is now well established that mitochondrial DNA (mtDNA) of cytoplasmic petite mutants is greatly altered (1) (2) (3) . Renaturation kinetic analysis (4, 5) and DNA-DNA hybridization studies (6) (7) (8) (9) indicate that petite mtDNAs contain deletions of 20% to more than 99% of the grande (wild-type) mitochondrial genome. By electron microscopic examination, a tandem repeat arrangement of petite mtDNA has been demonstrated, and in some cases there are inverted repeats of the mitochondrial genome, i.e., palindromes (2, 3, 10) . Although deletion represents the most prominent alteration, other changes may be present in some strains, including heterogeneity of mtDNA populations (10) (11) (12) , amplification of some segments of the mtDNA (10) (11) (12) , and base sequence change (6, 9) .
Based on the assumption that deletion is the predominant alteration in petite mtDNA, our laboratories have attempted to map mitochondrial tRNA and rRNA genes by using a series of petite mutants. These studies have provided a partial ordering of the tRNA cistrons (11, § (22) . P-
27.0* C, E, 0i, O , and P designate the loci carrying the drug resistance markers C321, E514 or E221, 0145 or 01, 0144, and P454, respectively. R indicates the presence of resistance allele; S, sensitive allele; and 0, deletion. Mutations 0144 and 0145 come from Dr. P. Avner, P454 from Dr. K. Wolf, and others from the C. G. M. stocks. The full genotypes of the p+ strains, from which p-clones were isolated, are the following: MH41-7B, a ade2 his1 CR321 ER514 OR145 PR454; MH32-12D, a ade2 his1 CR321 ER221 OR144 PR454; TR3-15A, a try2 his1 CR321 ER514 OR1 pR454-* The second-order rate constant of reassociation of the mtDNA (k2) was determined by a procedure similar to that described by Michel et al. (4) , and is expressed as the ratio of the k2 to that of grande mtDNA. For most studies, mtDNA was prepared by CsCl centrifugation after lysis of mitochondria, washed five times, which were prepared from protoplasts as described (5, 16) . Nuclear DNA contamination could not be detected by isopycnic CsCl centrifugation in the analytic ultracentrifuge after the second preparative CsCl centrifugation.
Enzyme and Enzymatic Restriction of mtDNA. EcoRI and Sall endonucleases were gifts from Dr. Gary Hayward of the University of Chicago. HindIII endonuclease was prepared by the procedure of Smith and Wilcox (17) . Enzyme purity was tested by comparing the digestion of lambda and T5 phage DNAs with established patterns. Samples of mtDNA were dialyzed against 0.1 X SSC (SSC is 150 mM NaCI, 15 mM Na citrate), 0.5 mM Na2-EDTA, at 40, prior to digestion. The EcoRI and Sall endonuclease reactions were carried out in 30 mM Tris-HCI (pH 7.5), 10 mM MgCI2, and 5% glycerol for 60 min at 37°. The HindIII digests were performed in 10 mM Tris-HCI (pH 7.5), 10 mM MgCl2, 10 mM KCI, 40 mM NaCI, and 10% glycerol for 2 hr at 37°. The reaction was stopped by addition of EDTA to a final concentration of 15 mM and cooling to 4°.
Gel Electrophoresis. Sucrose was added to a final concentration of 20%, and electrophoresis was carried out on 0.3% or 0.5% agarose (SeaKem) tube gels (20 X 1.2 cm) at 2 V/cm for 13 hr at room temperature in 40 mM Tris, 36 mM NaH2PO4, 1 mM Na2-EDTA, pH 7.4 buffer. The molecular weights of the grande mtDNA restriction fragments were determined by electrophoresis of mixtures of grande and T5, or lambda, restriction fragments using relative DNA concentrations at which phage and mitochondrial fragments could be easily distinguished on the basis of band intensity. Calibration curves were constructed for each gel, plotting the relationship between fragment migration against logarithm of the molecular weights of the phage DNA fragments, which were based on established values (18, 1l Cleavage of grande (p+) MH41-7B mtDNA by EcoRI restriction enzyme yields nine discrete fragments (R-A to R-I) when analyzed by agarose gel electrophoresis (Fig. 1 ). Another grande strain, IL8-8C §, gave a fragment pattern similar to MH41-7B. The molecular weights of the restriction fragments (Table 2) were determined by coelectrophoresis of the p+ digest with EcoRI digests of either T5 or lambda phage DNA. The sum of the molecular weights of the nine fragments is 51.8 X 106, a value that is in excellent agree- ment with the 25 ,um circles seen in mitochondrial lysates by Hollenberg et al. (19) , and with the values obtained from extrapolation of the data relating the monomer circle size and kinetic complexity of a variety of petite mtDNAs by Locker et al. (5) . Borst (20) and Bernardi et al. (21) have also reported a molecular weight of 50 X 106 for EcoRI and HpaII digests, respectively, of Saccharomyces carlsbergensis.
EcoRI digest of petite mtDNA
The probable circular genetic map derived from recovery of antibiotic resistance markers after mutagenesis of grande strains was -P-C-E-01-Oi-P-(Fukuhara and Bolotin-Fukuhara, in preparation).
Strain P4 represents a petite mtDNA that contains a single restriction site (Fig. 1) . EcoRI digestion resulted in only one major band having a molecular weight of 2.3 X 106, in agreement with the kinetic complexity (0.061) relative to p+ DNA ( Table 1 ). The same band was present after digestion with Sall endonuclease. Several low-intensity bands of lower molecular weight were also present. Partial digests obtained by limited reaction time yielded multiple bands; four of the six partial digest bands conformed to multiples of the molecular weight of the major band in the complete digest. The single major band observed in complete digests probably represents the unit mitochondrial genome size of this petite, whereas the presence of multiple bands in partial digests confirms previous conclusions (2, 10) that petite DNAs are arranged as tandem repeats in a circular or linear molecule.
In five of nine other petites studied, a regular digestion pattern was seen with EcoRI endonuclease. These petites retained one to seven restriction bands with mobilities identical to those of grande mtDNA, and at least one additional band with a different mobility. An example of this digestion pattern is shown in Fig. 1 . EcoRI digests of CEP-2 mtDNA contain one band with the mobility of grande EcoRI-D (R-D) and a second band migrating more slowly than R-D. That R-D bands in CEP-2 and grande mtDNA are identical was shown by the digestion of the DNAs with both EcoRI and HindIlI endonucleases (Fig. 1) . This results in the appearance of two bands that replace R-D and correspond in mobility to bands four and nine of EcoRI + HindIII (RI + HindIII) digests of grande mtDNA. The total molecular weight of the CEP-2 fragments, 22.4 X 106, agrees well with the value derived from kinetic complexity measurements relative to grande (0.54) ( Table 1) .
Strains OIP_2(oilS), EO-1, Oii-2, and Oi OII-1 also show similar digestion patterns with EcoRI, i.e., one or more bands have identical mobility, and one has a mobility different from that of grande (Fig. 2) (Figs. 1 and  2 ). The first three strains contained two to five bands identical in mobility to grande, but they also contained three to seven bands with a different mobility (Fig. 2) . The latter bands differed greatly in intensity and, in many cases, were present in clearly submolar concentrations. No EcoRI fragments were detectable in CEP-3, a strain in which the loss of many tRNA cistrons located between the C and P markers strongly indicates the deletion of a second genome segment §. Localization of genetic markers Analysis of EcoRI digests of the nine petite strains did not lead to unequivocal ordering of the fragments, nor to definite localization of genetic markers on specific fragments. However, several conclusions can be derived from the results summarized in Fig. 3 Fig. 3 .
Strain OIOJJ-1 contains R-C, R-F, and R-H; EOI contains R-B and R-F; and strain P3(OIIS) contains R-E, R-F, R-G, R-H, and R-I. As shown in Fig. 3c , the only arrangements consistent with the results for strains OIOIJ-1 and EOI are R-C-H-F-B or R-H-C-F-B. These arrangements are not compatible with data for P3(O11s) (Fig. 3d) fragment R-C is not present in the strain. Therefore, at least one of the three strains is anomalous and cannot be derived from a single contiguous deletion. DISCUSSION Restriction endonuclease mapping of grande mtDNA should provide a detailed analysis of the structure and formation of petite mtDNAs. The initial results of the use of these techniques, as presented in this paper, provide strong additional evidence that petite mtDNAs are derived from deletion of the circular grande mitochondrial genome. The petite restriction pattern that is frequently observed, i.e., one band differing in mobility and one or more with the same mobility as that of grande restriction fragments, is the pattern expected from a single contiguous deletion of a circular, a linear permuted, or a tandem repeated molecule. The "extra" fragment should be the site of the deletion and should contain sequences from two different grande restriction fragments. Strains CEP-2, 01P_2(011S), Oii-2, and EQ1 appear to fall into this category.
Multiple deletion would result in the formation of additional bands, but only if restriction sites separate the individual deletions. "Extra" bands in less than molar-equivalent concentrations could arise from inverted repeats of the petite genome (10) . Another source of submolar quantities of "extra bands" is molecular heterogeneity of the petite mtDNA. We have previously detected heterogeneity of the mtDNA population in some petite strains by using tRNA hybridization (11, 12) and renaturation kinetic analyses (12) . Although the petite clones examined here were stable and reasonably pure with respect to drug resistance markers, heterogeneity of mtDNA sequences with respect to regions distant from the genetic markers may exist. The multiple "extra" bands in relatively low concentrations observed in strains P1, P3, and P4 and the two extra bands in CEP-6 probably arise from one or more of these mechanisms. The presence of secondary deletions is also indicated by contradictions in the fragment order derived from restriction analysis of different petite mtDNAs, as illustrated in Fig. 3 . Further analysis of these petite mtDNAs by use of restriction enzymes that cleave at more sites should permit one to characterize and localize multiple deletion sites, and should provide additional insight into the formation of the -petite mtDNAs.
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